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Stefano Sgobba

Lecture I, Mon Nov 27
o Introduction and bibliography
o Magnetic properties of materials: types of magnetic behaviour
o Families and behaviour of magnetic materials

Lecture II, Tue Nov 28
o Materials for magnets: structural, cryogenics, vacuum
o Non-magnetic materials, phase transformations and measurements
o Case study: a low permeability stainless steel for the CMS HG-CAL
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Materials 
for 

magnets

Gesner, De omni rerum fossilium
genere... (1565)

Straet, Jan van der (Giovanni Stradano): Flavio Gioia of Amalfi 
discovering the Power of the Lodestone, plate 3 from Nova Reperta, 
engraved by Philip Galle 1537-1612 (c.1600)

But it is by far the magnet the most spectacular stone which 
I wrote about above. I am also pleased to add here a picture 
of a magnet, as by looking at the stone itself it could not be 
properly expressed the iron slag which she draws, sticking 
out of it, like if the needle would understand the iron to be 
there…

Magnes the shepherd, Pliny's Naturalis Historia, Book XXXVI, "The Natural History of Stones", chapter 25 – “The Magnet”: 
Nicander is our authority that it was called Magnes from the man who first discovered it on Mount Ida and he is said to have 

found it when the nails of his shoes and the ferrule of his staff adhered to it, as he was pasturing his herds.

https://en.wikipedia.org/wiki/Natural_History_(Pliny)
https://en.wikipedia.org/wiki/Natural_History_(Pliny)
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R.P. Reed,  A.F. Clark (1983)

Types of magnetic behaviour, summary

2023-11-28
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Materials for 
magnets: 

structural, 
cryogenics, 

vacuum: the LHC 
dipoles example

1. General rationale

+ cooling 
capillars

S. Sgobba, G.  Hochoertler, A new 
non-magnetic stainless steel for 
very low temperature 
applications, Proc. Int. Congress 
Stainless Steel '99 : Science and 
Market, pp. 391-401

• Magnetic permeability 

1.005 max in the whole T 

range (4.2 K to RT)

• From electroslag 

remelted ingots 

• Rolled strip, forged bars 

 extruded + drawn 

pipes

• Laser welding
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Compared magnetic susceptibility of different  austenitic SS

and their laser weldments

0.E+00

1.E-03

2.E-03

3.E-03

4.E-03

5.E-03

6.E-03

7.E-03

8.E-03

9.E-03

1.E-02

0 50 100 150 200 250 300

T /K

re
la

ti
v
e
 s

u
s
c
e
p

ti
b

il
it

y
 /
 S

I

316L

304L

UNS21904

UNS21904 - laser welded (Butting)

P 506 - base metal

P 506 - laser welded Ar/He

P 506 - laser welded N2/He

1 mm

b2

1 mm

b1

500 m

a

c

250 m

Weld metal

Base

metal

m

m

S. Sgobba, G. 
Hochörtler, A New Non 
Magnetic Stainless 
Steel for Very Low 
Temperature 
Applications, Proc. of 
the Int. Congress 
Stainless Steel 1999, 
Vol. 2, p. 391-401

S. Sgobba, C. Boudot, 
Matériaux et 
Techniques 95, n° 11-
12, p. 23 (1997)

Development of a new stainless steel (“P506”) for the LHC beam 

screen and the cooling capillaries

Challenging scope:

o Magnetic susceptibility  510-3 at operating T in weld and 

parent material

o Fully stable

o Absence of hot cracking

o High strength and toughness (> 200 J)

o Thermal contraction not far from 316LN

o Corrosion behaviour  304L, 316LN

o Affordable price (several tens of km…)

2023-11-28



1. General rationale
Materials for 

magnets
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• Stainless steel “Nitronic 40” 

type (YUS 130S  UNS 21904)

• In kind contribution from 

Japan (Nippon Steel)

• Rolled strip, 11000 t 

• Twelve million collars



1. General rationale
Materials for 

magnets
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• Ultra Low Carbon steel 

“Magnetil” type

• Rolled strip, 50000 t 

S. Babic et al., Toward the Production of 50 
000 Tonnes of Low-Carbon Steel Sheet for 
the LHC Superconducting Dipole and 
Quadrupole Magnets, 
https://doi.org/10.1109/TASC.2002.1018621

F. Bertinelli et al., "Production of Low-Carbon Magnetic Steel for 
the LHC Superconducting Dipole and Quadrupole Magnets," in 
IEEE Transactions on Applied Superconductivity, vol. 16, no. 2, pp. 
1777-1781, June 2006, doi: 10.1109/TASC.2006.873236  

https://doi.org/10.1109/TASC.2002.1018621
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1. General rationale

• 3000 tonnes of 1.4429 (316LN) 
stainless steel plates 
delivered by ArcelorMittal 
Industeel /FR

• 41 km of half-shells, Ø 550 
mm, 15 m length, 10.1 mm 
thick produced by Butting /DE

Courtesy Dr. N. Pauze, ArcelorMittal 
Industeel Materials for 

magnets: 
structural, 

cryogenics, 
vacuum: the 
LHC dipoles 

example

8

• Ingot casting  Forged 

slabs  rolled plates

• MIG/MAG welding (STT) –

special cryogenic filler
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2. Stainless 
Steel – a major 
player for 
particle 
accelerators 
and detectors

end covers

S. Sgobba et al., A Powder Metallurgy Austenitic 
Stainless Steel for Application at Very Low 
Temperatures: Proc. of the 2000 Powder 
Metallurgy World Congress, Nov. 12-16, 2000, 
Kyoto, Japan, vol. 2, p. 1002-1005

After capsule removal by pickling and 
heat treatment, before machining

Award of the American Society for Metals (ASM), 
30/01/2004

Grand Prize, reception at the PM Part Competition at 
PowderMet 2007, The International Conference on 
Powder Metallurgy and Particulate Materials, 
Denver-CO, May 13-16, 2007

• Leak tight to gazeous He at 300 K

• Leak tight to superfluid He at 1.9 K

• 25 thermal cycles down to 1.9 K

o High ductility and toughness at 

low T

o Compatible with its 

environment (316LN)

o Cost effective

9

• Powder metallurgy + 

HIPing

• MIG/MAG & TIG welding
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Materials for 
magnets…

• Multidirectionally forged 

316LN (1.4429) 

flanges/sleeves

• From electroslag 

remelted ingots 

• Special 316L (1.4435, high 

Ni+Cr), from electroslag 

remelted ingots

• Strip

• Hydroformed bellows
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IT-4203/TE/HL-LHC

HL-LHC implies: 

• 3.1 km of finished strip;

• 4600 m of seamless cold-

drawn cooling tubes in 

lengths of up to 14 m

• Same stainless steel as for 

the LHC

• More than 450 tonnes of 

austenitic stainless steel strips

• Same stainless steel 

specification as for the LHC

Fine-blanked 
collars

F712 contract

HL-LHC beam 
screens

Beam screen

Materials for magnets: HL-LHC
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HL-LHC further 316LN plate production and 

forming (2015-16)

• Supplied by Arcelor Mittal Industeel

• 15 mm x 6.5 m (11T project)

• 8 mm x 6.5 m and 10 m for WP3 (Q2, CP et 

D2)

Shrinking 
and inertia 
cylinders

Courtesy AP TELA OY /FI

Courtesy H. Prin /CERN-TE
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Materials for magnets: HL-
LHC
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d-Fe

a-Fe

g-Fe

bcc

fcc

Stainless steel: iron alloys containing a minimum of approx. 11 % Cr

Materials for magnets: stainless steels
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• formed by an addition of a 
fcc element (Ni, Mn) to the 
FeCr system

• g-loop expanded
• g-phase enhanced and 

enlarged
• formation of ferrite can be

suppressed (austenite
former elements)

• transformation to martensite 
can be reduced or 
suppressed (increasing
alloying elements)

Ni, Mn (C, N...)

AISI 304, the "18-8" or "18-10" 
stainless (18%Cr, 8-10%Ni)

Materials for magnets: 
austenitic stainless 
steels

fork_&_knives

https://bssa.org.uk/bssa_articles/cutlery-stainless-steel-grades/
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Materials for 
magnets: 
austenitic 
stainless 
steels

Source: ASM Metals 
Handbook, vol. 3, 9th 
ed. (1980)

Vacuum & cryogenic applications: 304L, 316L, 316LN







More: https://cds.cern.ch/record/2723993?ln=en

&:  

https://cds.cern.ch/record/2723993?ln=en


Materials for magnets: austenitic stainless steels
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CERN 316LN
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Maximum allowed magnetic 
permeability µr = 1.005 at RT →
allowed content of d-ferrite is nil
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Materials for magnets: austenitic stainless steels

S. Sgobba and C. Boudot, Matériaux et Techniques 95, vol. 11-12, p. 23 (1997)

CERN 316LN: µr≤ 1.005; structure 
after solution annealing shall be 

completely austenitic
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Materials 
for 
magnets: 
austenitic 
stainless 
steels –
ATLAS 
feet

EMAG training 2019 18

15 tons of 
filler 
material
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Materials for magnets: austenitic stainless steels

g-primary 
solidification

d-primary 
solidification

316LN 
end-covers

Korinko, P.S. & Malene, S.H. Practical Failure Analysis (2001) 1: 61. 
doi:10.1007/BF02715336

Schaeffler equivalent formulae for Creq and Nieq

Creq = Cr + 1.5Si + 1.37Mo
Nieq = Ni + 0.31Mn + 22C + 14.2N



Materials for magnets: austenitic stainless steels

304L vacuum appl.
(free machining)

"mumetal", Ni80Mo0.5Mn0.5;
S<0.0005; P=0.003 (!)
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Materials for 
magnets: 
austenitic 
stainless steels1

P506

conventional 

high Mn/N steels
steel Cr Mo Si Ni Mn N C 

UNS 21904 20   7 9 0.38 0.03 

 

316LN

g-austenite

d-ferrite



Materials for magnets: austenitic stainless steels

1 mm

b2

1 mm

b1

500 m

a

c

250 m

Weld metal

Base

metal

m

m

J.P. Bacher and S. Sgobba, 
TIG Weldability of Special
Stainless Steels for the 
Beam Screen of the Large 
Hadron Collider, Bulletin du 
Cercle d’Etude des Métaux, 
XVI, p. 13.1 (1995)

S. Sgobba, C. Boudot, 
Soudabilité laser d’aciers 
inoxydables austénitiques, 
Matériaux et Techniques 
95, n°11-12, p. 23 (1997).
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Materials for magnets: austenitic stainless steels

1.11.0

steel "900"

S. Sgobba: proc. Cycle Métaux et 
Procédés, CIP - Tramelan /CH, 
1996, p. 8/1-10

"900" steel: composition close to P506 but high impurity
content

P506 1 mm

P506, very
low impurity
content

1 mm
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Materials for magnets: austenitic stainless steels

Warnes law: ( ) MnSiMoNiCrKTaf 75.7145.575.225.190 +----=

P506, predicted Taf = 121.5 K, measured 125.7 K

Compared magnetic susceptibility of different  austenitic SS

and their laser weldments
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Taf
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Materials for magnets: austenitic stainless steels

AISI 300 series

P506 type 
(medium Mn)

JK2LB type 
(high Mn)

increasing Mn content 

FXM-19 
(Nitronic50)
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26S. Sgobba and K. E. Buchanan

Courtesy of ITER, 
@iter.org
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Materials for magnets: austenitic 
stainless steels

2023-11-28
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S. Sgobba et al., Metallurgical assessment of large size 
tensioning components for the precompression 
structure of the ITER central solenoid, Fusion 
Engineering and Design, Vol. 170, 2021, 
https://doi.org/10.1016/j.fusengdes.2021.112543

CS jacket: 
JK2LB

Tie plates, LKB 
and upper 
structures:

FXM-19 
(Nitronic50) 

Central Solenoid 
Assembly Tooling Design 
Description, courtesy of S. 
Litherland, USIPO 

.318E+09

.351E+09

.384E+09

.418E+09

.451E+09

.484E+09

.518E+09

.551E+09

.584E+09

.618E+09 /Pa

Materials for magnets: austenitic stainless steels

2023-11-28

https://doi.org/10.1016/j.fusengdes.2021.112543
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o Very large multidirectionally forged components

Lower key block in 
test assembly. 
Courtesy of US 
ITER and Petersen 
Inc.

Lower Support brackets: 
from material 
specification to 100% 
volumetric inspection. 
Courtesy of Monchieri

Tie plate single 
piece forging. 
Courtesy of Rolf 
Kind GmbH

Materials for magnets: austenitic stainless steels
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Materials for magnets: austenitic 
stainless steels

2023-11-28

Mechanical properties

Specimen 

location

Specimen

orientation

KIC

[MPa√m]

JIC

[N/mm]

Single piece forged

Head 

(top)
LT 170 130

Head 
(bottom)

LT 190 161

LS 197 172

Tail (slab)
LT 188 157

LT 226 239

Welded solution weld
weld 

direction
112 62

FXM-19

Courtesy of R.P. Walsh, NHMFL

S.A.E. Langeslag et 
al., “Extensive 
Characterisation of 
Advanced 
Manufacturing 
Solutions for the 
ITER Central 
Solenoid Pre-
compression 
System,” Fusion 
Eng. Des. (2015), 
https://doi.org/10.
1016/j.fusengdes.2
015.06.007 P506

https://doi.org/10.1016/j.fusengdes.2015.06.007


A. Nyilas, P. Komarek - Cryogenic Tensile and 
Fracture Properties of Structural Materials for 
Superconducting Magnets in Fusion Technology 
(1989)

Courtesy Dr. N. Pauze, 
ArcelorMittal Industeel
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Materials for 
magnets: 
austenitic stainless 
steels

2023-11-28



Materials for magnets: case study. Austenitic stainless steels: a low 
permeability steel for the new CMS HG-CAL detector

32Material for magnets & measurements - II - S. Sgobba - EN-MME-MM2023-11-28



o 564 t of stainless steel required for the CE-H cassettes, thickness 45 110 mm

o The relative magnetic permeability in the bulk plate material shall not exceed 1.05

• Stringent control of ferrite content

• Stability against martensitic transformations
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Case study: a low permeability steel for CMS HG-CAL

K.E. Buchanan, S. Sgobba et al., 
to be published
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Case study: a low permeability steel for CMS HG-CAL

S. Sgobba and C. Boudot, Matériaux et Techniques 95, vol. 11-12, p. 23 (1997)

CERN 316LN: µr≤ 1.005; structure 
after solution annealing shall be 

completely austenitic
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Case study: a low permeability steel for CMS HG-CAL

1.4306: 

"High alloy" 304L

o Low magnetic permeability: 

• Stringent control of ferrite content (composition / steelmaking route)

• Stability against martensitic transformations (grade selection)

"High alloy" 1.4306,

Ni 10.417 %

Very clean heat, 
143 ppm S+P

Courtesy of S. Moccia & 
M. Pentella /CERN EP

35
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Rolled slab

Rolling of quarto plates

Solution annealing and 
finishing (descaling, 
grinding, skin pass 
rolling where 
applicable)

© 2023 Vesuvius

 Ingot casting →

Versus continuous casting →



Case study: a low permeability steel for CMS HG-CAL

10/06/2022, Le Creusot /FR, Meeting 

ArcelorMittal Industeel – CERN, follow-up 

of the HGCAL absorber plates production 
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Case study: a low permeability steel for CMS HG-CAL

Quartering of a sample issued from a 120 mm plate

• This sample was issued from a 120 mm thick  plate and 

symmetrically machined down to 100 mm

• Other dimensions unchanged (50 mm x 100 mm)

• This machining operation is representative of the 

fabrication of the HGCAL plates, whose thickness will 

be reduced with respect to the original as-rolled 

thickness
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Case study: a low permeability steel for CMS HG-CAL

• Double peak around mid-

thickness (at ¼ t and ¾ t, 

respectively) as 

metallurgically expected

• The three central layers

feature values above

1.05

• Average of layers in 

thickness, including 

rolled faces: 

µr = 1.0519  

• Excluding rolled faces:

µr = 1.0690  
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Case study: a low permeability steel for CMS HG-CAL Double peak
metallurgically expected

From Piotr R. Scheller, Roman Flesch and Wolfgang Bleck, 

Solidification Morphology and Microstructure Properties at 

Increased Cooling Rates for 18-8 Cr±Ni Stainless Steel, 

ADVANCED ENGINEERING MATERIALS 1999, 1, No. 3±4, p. 

209ff.

From S. Kim, Y. Shin, N. Kim, Distribution of δ ferrite content in continuously cast type 304 stainless 

steel slabs, Ironmak. Steelmak. 22 (1995) 316–325
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Case study: a low permeability steel for CMS HG-CAL

ArcelorMittal Industeel results on this 60 mm plate



Case study: a low permeability steel for CMS HG-CAL

• Volumetric measurements through static-sample magnetometry

• All the measurements were performed using the Foerster Magnetoscop 1.069 and a Static-Sample Magnetometer

(SSM)

Specimen #1 Specimen #2 Specimen #1 after machining

• A second goal is to establish a valid measurement method for in-situ inspection of the absorber plates using the

Foerster localised measurements

120 mm x 50 mm x 100 mm 60 mm x 48 mm x 48 mm 100 mm x 50 mm x 100 mm
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Case study: a low permeability steel for CMS HG-CAL

• The SSM works on the same principle of the Foerster Magnetoscop 1.069 (flux-distortion detection)

• The presence of the specimen with susceptibility ≠ 0

inside a magnetic field determines a distortion of

the field lines

• By mapping the background field (no specimen)

and the distorted field, the permeability can be

computed by inverse-problem solving

Measurement system layout

Inverse problem algorithm
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Case study: a low permeability steel for CMS HG-CAL
Specimen #1

• Specimen #1: 1.0495 before machining,

1.0519 after machining

• Specimen #2: 1.0275

Foerster Magnetoscop 1.069

• Specimen #1 at 0.1 T: 1.04279 before machining,

1.05017 after machining

• Specimen #2 at 0.1 T, 1.02319

SSM
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Case study: a low permeability steel for CMS HG-CAL

45Material for magnets & measurements - II - S. Sgobba - EN-MME-MM2023-11-28

A
2
1
5

0
0
6

A
2
2
0

5
0
5

A
2
2
0

9
0
2

A
2
2
0

1
0
3

• The origin of higher permeability 

of some plates can be traced back 

to the respective heats and their 

position in the solidification 

diagram

Cr equivalent /%

N
i 
e
q

u
iv

a
le

n
t 

/%



46Material for magnets & measurements - II - S. Sgobba - EN-MME-MM2023-11-28

Non-magnetic materials, phase transformations and measurements
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Non-magnetic materials, phase transformations and measurements

Courtesy of Foerster, MAGNETOSCOP® 1.069

• Measurement of material permeabilities

• Materials to be measured should be thicker than 8 mm

• Measurements of materials thinner than 8 mm by 

stacking two pieces

• Air gap between two pieces as small as possible

• Flat area not less than 20 mm in diameter 

• Radius of curvature not be less than 40 mm

• Otherwise permeability less than actual value

Available in EN-MME-MM and TE-MSC
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Non-magnetic materials, phase transformations and measurements

• "Based on a cylindrical permanent magnet

• A gradient probe is placed on either side of the cylindrical magnet in the plane perpendicular to the 

cylinder axis at the center of the permanent magnet

• If the cylindrical magnet is placed on a material whose permeability is greater than 1, there is a minute 

displacement of the magnetic zero of the cylindrical magnet towards the material on which the magnet 

has been placed

• In the lower permeability ranges this displacement is a measure of the permeability of the material"

"gradient probes" or

field sensors



Non-magnetic materials, phase 
transformations and measurements

Low C SS  a’a

Martensitic transformation have two forms:

• ga’, b.c.c., relevant for magnetic purposes

• occurs spontaneously on cooling and/or is strain induced under a given
temperature

• cause of loss of non-magnetism in austenitic stainless steels
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50Material for magnets & measurements - II - S. Sgobba - EN-MME-MM

Tms, temperature of spontaneous ga’ 
martensitic transformation

Tmd, temperature of strain induced ga’ 
martensitic transformation

2023-11-28

Non-magnetic materials, phase transformations and measurements

Transformation (Tms, Tmd, calculated):

• General purpose 304L (1.4307, X2CrNi18-9)  Tms = 280 K, Tmd = 346 K

• High alloy 304L (1.4306, X2CrNi19-11)  Tms = 140 K, Tmd = 320 K

• Prototype HG-CAL 304L (as above)  Tms = 76 K, Tmd = 305 K

• CERN store 316LN (1.4429, X2CrNiMoN17-13-3)  Tms = n.a., Tmd = 240 K 

• Beam screen P506 grade  Tms = n.a., Tmd =  36 K
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a

Partially transformed austenite of an AISI 316L austenitic stainless steel sample strained 6.5% at 
4.2 K. Martensite is concentrated in bands (under the white boundary in Fig. a), developing during 
tensile deformation. A detail of the austenite-martensite microstructure is shown in Fig. b (see also 
C. GARION, S. SGOBBA, B. SKOCZEN, Constitutive modelling and identification of parameters of 
the plastic strain-induced martensitic transformation in 316L stainless steel at cryogenic 
temperatures, International Journal of Plasticity, 22 (2006) 1234-1264)

b

Non-magnetic materials, phase transformations and measurements
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Non-magnetic 
materials, phase 
transformations and 
measurements



53Material for magnets & measurements - II - S. Sgobba - EN-MME-MM2023-11-28

Quantitative assessment through EBSD techniques associated 
to SEM

Flow and fracture of austenitic stainless steels at cryogenic 
temperatures, P. Fernández-Pisón, J.A. Rodríguez-Martínez, E. 
García-Tabarés, I. Avilés-Santillana, S. Sgobba (Dec, 2021), 
Engineering Fracture Mechanics 258 (2021) 108042, 
https://doi.org/10.1016/j.engfracmech.2021.108042

Non-magnetic materials, phase transformations and measurements

https://doi.org/10.1016/j.engfracmech.2021.108042
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Non-magnetic materials, phase transformations and measurements

J. Sort et al., Applied Physics Letters 89 (2006) 032509

Commercial AISI 316 austenitic stainless 
steel, annealed at 1400 K

MFM 

AFM 

Now available in EN-MME-MM!
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Non-magnetic 

materials, phase 

transformations and 

measurements

AFM

AFM

AFM AFM

weld metal (laser)base metal

MFM MFM



6. Conclusions

o Materials for an accelerator or fusion magnet part is not a mere "chemical composition" or a 

designation
o specification

o steelmaking

o definition and extent of the controls

o certification

o quantity

o price

o Application of extensive “state of the art” NDT techniques

o stainless steels for vacuum, cryogenic and/or structural applications 100 % examined during production 

and at reception

o Low T and/or non-magnetism of components require special care and extensive cross check by 

advanced testing

o Irreprocheable production route, starting from steelmaking

o Advanced grades, even if standardized, imply extensive prior R&D. However, several grades already 

qualified for cryogenic structural applications
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There is a stone called the magnet; black, 
dull, and common. It does not adorn the 
braided hair of kings nor the snowy necks of 
girls, nor yet shine in the jewelled buckles of 
warriors' belts. But consider the marvellous 
properties of this dull-looking stone and you 
will see that it is of more worth than lovely 
gems and any pearl sought of Indian amid 
the seaweed on the Red Sea's shores.



Spare slides
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Case study: a low permeability steel for 
CMS HG-CAL

Plate Averaging method Localised measurement (0.1 T) Volumetric measurement (0.1 T)

281142T – 120 mm 

(original thickness)

Layers in thickness, including 

rolled faces
1.0495

1.04279Mid thickness x 3 and rolled 

faces
1.0522

Mid thickness x 1 and rolled 

faces
1.0306

281142T – 100 mm 

(machined down to)

Layers in thickness, including 

rolled faces
1.0519

1.05017Mid thickness x 3 and rolled 

faces
1.0545

Mid thickness x 1 and rolled 

faces
1.0343

281146 – 60 mm

Layers in thickness, including 

rolled faces
1.0275

1.02319
Mid thickness x 3 and rolled faces 1.0508

Mid thickness x 1 and rolled faces 1.0343
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Case study: a low permeability 
steel for CMS HG-CAL

Plate n° Heat n° Thickness / 
mm 

Average 
permeability 

3:2 

Average 
permeability 

1:2 

Average as 
per Arcelor 

Mittal 
certificate 

293526-11 A215006 60 1.065 1.040 1.041 

293525-11 A215006 60 1.052 1.032 1.033 

293525-21 A215006 60 1.044 1.027 1.028 

293526-21 A215006 60 1.060 1.037 1.038 

281146.11 A220902 60 1.038 1.025 1.019 

281148.11  A220902 60 1.029 1.019 1.017 

287355.11 A220103 80 1.006 1.008 1.006 

287354.11 A220103 80 1.009 1.007 1.006 

281088-11 A220505 80 1.088 1.057 1.048 

280472.11 A215006 80 1.036 1.022 1.019 

280470.11 A215006 80 1.021 1.014 1.012 

 

Two heats affected by ferrite precipitation resulting in 

3:2 average µr > 1.05 on some plates
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Case study: a low permeability steel for 
CMS HG-CAL

Plate n° Heat n° Thickness / 
mm 

Average 
permeability 

3:2 

Average 
permeability 

1:2 

Average as 
per Arcelor 

Mittal 
certificate 

293526-11 A215006 60 1.065 1.040 1.041 

293525-11 A215006 60 1.052 1.032 1.033 

293525-21 A215006 60 1.044 1.027 1.028 

293526-21 A215006 60 1.060 1.037 1.038 

281146.11 A220902 60 1.038 1.025 1.019 

281148.11  A220902 60 1.029 1.019 1.017 

287355.11 A220103 80 1.006 1.008 1.006 

287354.11 A220103 80 1.009 1.007 1.006 

281088-11 A220505 80 1.088 1.057 1.048 

280472.11 A215006 80 1.036 1.022 1.019 

280470.11 A215006 80 1.021 1.014 1.012 
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Materials for magnets: austenitic stainless steels

Temperature [K] direction σy0.2 [MPa] σr [MPa] εr [%]

293 Long. 450 ± 10 835 ± 20 61 ± 3

Transv. 440 ± 10 825 ± 5 45 ± 4

77 Long. 1180 ± 10 1760 ± 20 57 ± 4

Transv. 1120 ± 50 1715 ± 100 45 ± 3

4.2 Long. 1620 ± 50 2115 ± 60 18 ± 3

Transv. 1700 ± 100 2105 ± 90 15 ± 4

P506: remarkable 
combination of strength, 

ductility and impact 
toughness at 4.2 K
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Materials for 
magnets: 
austenitic 
stainless 
steels

Compared magnetic susceptibility of different  austenitic SS

and their laser weldments
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316L

304L

UNS21904

UNS21904 - laser welded (Butting)

P 506 - base metal

P 506 - laser welded Ar/He

P 506 - laser welded N2/He

1. Lowest possible magnetic 
susceptibility at RT

2. Highest possible 
temperature of 
antiferromagnetic transition

3. Total absence of d-ferrite in 
parent metal and welds  high 
purity of the parent metal
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o Initially considered both forged or welded solution

o Steelmaking process → ESR or VAR as needed, 3D forging

o Microinclusion cleanliness → As per ASTM E 45 method D ≤ 0.5 (A and C), ≤ 1.0 (B and D)

o Macroinclusions not permitted → ESR generally applied to meet this and other requirements 

o Fineness of microstructure → grain size number ≥ 3 as per ASTM E112

o Homogeneity of microstructure → grain size within the range of  1 number

o Limited ferrite content → less than number 1.0

o Limited magnetic permeability → ≤ 1.03

o Internal soundness → 100 % UT

o Mechanical strength and fracture toughness specified, including at cryogenics →

S.A.E. Langeslag et al., “Extensive Characterisation of 
Advanced Manufacturing Solutions for the ITER Central 
Solenoid Pre-compression System,” Fusion Eng. Des. (2015), 
https://doi.org/10.1016/j.fusengdes.2015.06.007

R. Walsh et al., "Welded tie plate feasibility study for ITER central 
solenoid structure", Adv. Cryo. Eng, AIP Conference Proceedings 
1574, 16 (2014); https://doi.org/10.1063/1.4860598

Yield strength required at RT when using JK2LB for the jackets: 230 MPa
→ F316LN excluded (205 MPa)
→ FXM-19 (Nitronic50) selected (345 MPa) 

P. Libeyre et al., “Addressing the Technical 
Challenges for the Construction of the ITER Central 
Solenoid”, IEEE Trans. Appl. Superconductivity, 
Vol. 22, (2012), p. 4201104

Tie plates, LKB and upper 
structures:
FXM-19 (Nitronic50) 

Materials for magnets: austenitic stainless steels

https://doi.org/10.1016/j.fusengdes.2015.06.007
https://doi.org/10.1063/1.4860598
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Requirements:

• Very high strength and toughness at 4 K: Rp02 > 1200 MPa; Rm > 1600 MPa; KIC >
130 MPa √m

• Fatigue resistance at cryogenic temperature

• Larger thermal contraction than central solenoid jackets (JK2LB) for an effective
pre-compression at 4 K

Single piece welded and forged solution 

Head- and slab-forgings, joined together via 
a Gas Metal Arc Welding (GMAW) process.
• The cryogenic mechanical properties of 

the weld did not fulfil the requirements

Produced by applying successive forging 
steps, followed by a final machining 
operation.
• Higher mechanical properties, including 

cryogenic fracture toughness and lower 
FCGR

R. Walsh et al., "Welded tie plate feasibility study for ITER 
central solenoid structure", Adv. Cryo. Eng, AIP Conference 
Proceedings 1574, 16 (2014); 
https://doi.org/10.1063/1.4860598

S.A.E. Langeslag et al., “Extensive 
Characterisation of Advanced 
Manufacturing Solutions for the ITER 
Central Solenoid Pre-compression 
System,” Fusion Eng. Des. (2015), 
https://doi.org/10.1016/j.fusengdes.201
5.06.007

Materials for magnets: austenitic stainless 
steels

https://doi.org/10.1063/1.4860598
https://doi.org/10.1016/j.fusengdes.2015.06.007
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All coefficient are negative:

• good rule: "the more alloying elements one uses (and can afford!), the more stable the austenite will
be"

• 304L is the least stable among the alloys used at CERN. 

• 1.4306 generally specified by CERN and preferred to 1.4307 (general purpose) 

• total stability requires a specific alloy selection or design, see the (HL-) LHC beam screen example

Transformation (Tms, Tmd, calculated):

• General purpose 304L (1.4307, X2CrNi18-9)  Tms = 280 K, Tmd = 346 K

• High alloy 304L (1.4306, X2CrNi19-11)  Tms = 140 K, Tmd = 320 K

• Prototype HG-CAL 304L (as above)  Tms = 76 K, Tmd = 305 K

• CERN store 316LN (1.4429, X2CrNiMoN17-13-3)  Tms = n.a., Tmd = 240 K 

• Beam screen P506 grade  Tms = n.a., Tmd =  36 K
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Non-magnetic materials, phase transformations and measurements


